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SUMMARI 

Some problems i n gear metrologj-. 

The inspection of each individual tooth element of a 

spur gear wheel can be a tedious and expensive process. Two 

methods of composite gear testing are available, namely, 

the single flank r o l l i n g gear test and the dual flank 

r o l l i n g gear t e s t . The f i r s t method i s well documented, 

but; the dual flank system tends to have been neglected, 

few papers being available on the subject. 

As a preliminary stage to the investigation into the 

dual flank testing technique two methods of pitch error 

measurement using b a l l ended contact probes are examined» 

These are: 

( i ) the direct measurement of cumulative pitch measurement 

using a single contact probe and dividing arrangement and 

( i i ) the span gauging of adjacent teeth, commercicd 

measuring equipment being used i n both caseso 

The two methods are compeared theoretically i n terms of 

the maximum cumulative pitch error of a gear, and their 

probable accuracy of measurement compared with the allowable 

pitch tolerances quoted i n the relevant B r i t i s h Standard. 

Specifications*. 

A theory for the dual flank test i s developed relating 

the variation i n centre distance of a pair of gears i n close 

mesh to the errors i n tooth pitch and involute p r o f i l e . The 
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v a l i d i t y of the theorjr i s tested by experimental measurements, 

on actual gears, and- a means of determining the permissible 

variation i n the dual flank test error trace from the allowable 

tolerances on tooth pitch error and tooth profile error 

suggested. The identification.of the type of elemental 

error from the pattern of the dual flank trace i s also 

examined together with the limitations of the t e s t . 
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CHAPTEB 1. 

Introduction 

1.1. The primary requirement of a gear t r a i n i s to transmit 

uniform rotary motion from one shaft to another under the 

operating conditions for which they were designed. Any 

departure from the design dimensions w i l l affect the f u l ­

filment of this aim, but since perfection i n manufacture 

i s not possible some departure from the design dimensions 

must be tolerated. 

The function of the gears w i l l determine the magnitude 

of tolerance permitted on the gear tooth elements. Gears 

for accurate indexing operating under light loads (e..g. 

servomechanisms, machine tool positional "read out" mechanisms) 

require that the involute pr o f i l e , tooth spacing and alignment 

be as near perfect as i s possible. 

For high speed and highly loaded gears the tooth profile 

i s modified from a true involute form to allow for deformation 

of the tooth under load., The tips of the teeth are relieved 

to prevent the teeth gouging into the gear tooth flanks 

of the mating gear when coming into contact. Errors i n 

manufacture w i l l also be reflected i n the noise of operation 

of the gears. 

Gear tooth elements can be inspected individually but 

i t w i l l not always be easy to predict how they w i l l combine 

in practice under the operating conditions. I t would seem 

preferable to use some form of composite meshing test even 

though the exact working conditions can not in many cases be 

simulated. Two such tests are employed ( i ) dual flank and 

( i i ) single flank meshing t e s t s . 



2. 

1..2. Chapter 2 of t h i s thesis reviews the existing tech­

niques for both elemental and composite testing of straight 

tooth spur wheels. 

Of the two methods of composite testing used, the single 

flank test has been thoroughly investigated by Munro (5) (6), 

but the dual flank technique, although e a r l i e r i n concept, 

tends to have been neglected. No published work appears 

to be available which relates the dual flank error to errors 

i n tooth pitch and tooth p r o f i l e . This investigation i s 

an attempt to r e c t i f y the situation by considering the dual 

flank mesh testing of straight spur gears. 

I n i t i a l l y , i n order to provide information required in 

the l a t e r stages of the work, two well established methods 

of pitch measurement using b a l l ended contact probes are 

examined. These axe ;. ( i ) the direct measurement of cumul­

ative pitch error using a single contact probe and indexing 

arrangement and ( i i ) the determination of adjacent tooth 

pitch error from which the cumulative pitch error can be 

obtained. The two methods are compared theoretically i n 

terms of the cumulative pitch error of an eccentrically 

mounted gear and th e i r probable accuracy of measurement 

compared with the allowable pitch tolerances quoted i n the 

relevant B r i t i s h Standard Specifications. The theory for 

the single contact method i s given in r e f . (4) for the 

CTC tooth flanks, but the work does not indicate the small 

difference required i n the analysis when considering the 

^ tooth flanks. The theory for the span gauging technique 

was developed for t h i s thesis and the differing methods of 

building up the cumulative pitch error from the individual 



adjacent pitch errors for the oC and /3 flanks which i s 

detailed in. chapter 4 i s not emphasised i n any of the standard 

texts or publications. 

I n chapter 5 a theory for the dual flank meshing test 

i s evolved which relates the variation i n centre distance 

of a pair of gears i n tight mesh to the errors i n tooth 

pitch and tooth p r o f i l e . The authenticity of this theory 

i s tested experimentally and a means of obtaining the allowable 

variation in the dual flank error trace from the allowable 

tolerances for tooth pitch error and tooth profile error 

suggested. The possible diagnosis of the form of gear tooth 

elemental error from the pattern of the dual flank trace i s 

also examined together with the limitations of the te s t . 



CHAPTER 2. 

Geetr Measurement. 

2.1. Timms produced the following l i s t of items which require 

checking for the complete inspection of a gear wheel. Although 

the l i s t deals s p e c i f i c a l l y with the examination of a spur 

gear the principles involved apply equally to other forms 

of gear wheel ( l ) . 

Gear Blank 

( i ) Bore diameter 

( i i ) Outside diameter 

( i i i ) Face width 

( i v ) Concentricity of outside diameter rel a t i v e to bore 

(v) Axial float of each end face 

Positional Measurements 

( i ) Flank to flank pitch (adjacent pitch) 

( i i ) Spacing of each set of tooth flanks around a c i r c l e 

concentric with the axis of rotation (cumulative) 
( i i i ) Variations i n tooth thickness 
( i v ) E c c e n t r i c i t y of teeth r e l a t i v e to axis of rotation. 
Tooth P r o f i l e 
( i ) Tooth form errors 
( i i ) Symmetry of form of the two flanks 
( i i i ) Tooth thickness. 
( i v ) Tooth depth 
Tooth Alignment 
( i ) Alignment of each tooth flank p a r a l l e l to the axis. 
Meshing of Gears, 
( i ) Centre distance 
( i i ) Backlash at nominal centre distance 
( i i i ) Uniformity of motion measured relative to a mating gear or 

an appropriate master gear 



2.2. Accuracy of Gear Blank 
The items quoted i n t h i s section of the above l i s t form 

datum faces for mounting the blank on the gear cutting 
machineo Thus the i r accuracy can d i r e c t l y influence the 
f i n a l accuracy of the finished product. They may also be 
used as locating faces for portable inspection equipment 
e.g. pitch and profile measuring instruments. 

2.3. Pitch Measurement 
Two methods are i n common use; ( i ) direct measurement 

of cumulative pitch error r e l a t i v e to a pre-selected datum 
tooth flank, see Fig. 2 - 3a and ( i i ) span gauging of adjacent 
pitch error r e l a t i v e to a pre-selected datum span. Fig. 2 - 3h. 
The data obtained by the second method may be used to obtain 
the cumulative pitch error. 

I t i s important i n both cases that each successive 
measurement i s made at the same r a d i a l distance from the 
centre of the gecu:, usually at the point at which the tooth 
flank and reference c i r c l e (formally known as the pitch c i r c l e ) 
i n t e r s e c t . By adopting this position the effect of errors 
i n tooth profile w i l l have a minimal influence on the measure­
ment of pitch error. 

A single point stylus may be used, as shown in the 
diagrams, but t h i s w i l l involve taking a number of sets of 
readings across the face of wide gears in order to check for 
variations i n pitch error. An alternative arrangement i s to 
use a pneumatic gauging head with a number of measuring j e t s 
spaced across the face width of the gear, thereby giving an 
indication of the mean pitch error over the whole gear face 
i n one measurement. (2) 

As a preliminary to measurement by either method the 
gear wheel must be cleaned and the teeth numbered for 
i d e n t i f i c a t i o n purposes, the terms and /3 being used 
to distinguish between the two flanks of a particular tooth, 
see Figs. 2 - 3a and 2 <• 3b. 
( i ) Direct measurement of pitch error 

For medium sized gears up to say 700 mm (2 f t ) diameter 
(although weight w i l l also be a factor to consider) the 
e s s e n t i a l equipment required i s an accurate indexing arrange­
ment and a meaS^uring stylus. 
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Indexing mechanism 
I t i s preferable to use a horizontal rotary table as 

t h i s allows the gear wheel to be clamped i n position on the 
table without the use of a supporting arbor. The gear bore 
can then be used for ce n t r a l i s i n g the gear with the axis of 
rotation of the rotary table, this setting i s important 
since an eccentricity i n the positioning of the gear w i l l 
produce a sinusoidal pitch error. A wheel which i s cut 
integral with i t s shaft can best be supported on a rotary 
table by means of a piece of tubing having p a r a l l e l end 
faces. 

I f a table which rotates i n the v e r t i c a l plane i s used, 
an accurate supporting arbor which f i t s the gear bore w i l l 
normally be required together with a second support or 
centre to support the overhanging weight. To f a c i l i t a t e 
the "setting up" of the gears for measurement they are some­
times provided with a reference or setting ring, which i s an 
external diameter machined concentric with the gear bore, or 
bearing surfaces. 

The accuracy required of the indexing arrangement i s 
a function of the size of the gear to be measured, since 
i t d i r e c t l y effects the accuracy of the pitch measurement. 
I t should be noted that an error of 1 second of arc represents 
an error of 0.00005 mm at a radius of 10 mm. Thus for very 
small gears a precision worm and wheel drive table with an 
accuracy of 10 seconds of a r c may be adequate. Generally an 
optical dividing head or rotary table i s better; such tables 
are available reading to 1 second of arc, although the 
overall cumulative error may be greater, perhaps 5 seconds, 
but corrections can be made for th i s error i f a calibration, 
chart i s available for the instrument used. Each indexing 
for pitch measurement should be such as to position the gear 
to the nearest 1 second of arc. 
Measuring stylus 

This must be r i g i d l y mounted on some form of withdrawal 
mechanism i n order that the stylus (or probe) clears the gear 
when indexing, but returns to the same position for each 
measurement. The measuring head may be a precision mechanical 
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type or e l e c t r i c a l transducer g i v i n g repeatable readings 
t o 0.001 mm and having a measuring range adequate f o r the 
p i t c h v a r i a t i o n of the gear. Care must be taken to ensure 
t h a t t h e c o r r e c t s i g n i s a l l o t t e d to the p i t c h e r r o r , excess 
metal r e p r e s e n t s a p o s i t i v e e r r o r f o r the/^ f l a n k s and a 
negative e r r o r f o r t h e ^ f l a n k s . 

The measurement of each individual tooth of a gear having 
a large number of teeth.can be a long tedious process subject 
to human error. For thi s reason automatic indexing and 
measuring machines have been developed uhich give a graphical 
display of the resultso I f an accurate rotary table i s not 
available pitch measurements can be made on a limited scale 
using an autocollimator and precision polygon. 

Figs. 2 = 3c and 2 « 3d show the cumulative pitch error 
curves for a 36T 7DP 20° A.O.P. spur gear generated uith a 
0.050 mm eccentricity mounting error on a gear shaping 
machine. 
( i i ) Span gauging of pitch error 

This method compares the adjacent pitch errors of pairs 
of teeth, although greater spans are used uhen inspecting 
gears having large numbers of teeth. From the results of 
a span gauging a cumulative pitch error curve can be constructed. 
The method used to obtain such a curve involves the addition 
of the individual span errors, thus any inaccuracies i n the 
individual measurements are also e^ded. Span gauging of 
pitch error i s therefore potentialy more inaccurate than the 
direct measurement method. 

For medium sized gears the measuring instrument used i s 
often manufactured as an accessory to be used on either a 
r o l l i n g gear testing machine or an involute testing machine. 
F i g . 2 - 3b shows a diagramatic arrangement of the measuring 
systemo The three probes are attached to a single head 
which may be f i t t e d to one of the above machines. No 
indexing arrangement i s required for the gear being inspected, 
points P for successive teeth being located in position by 
the fixed datum probe and the spring loaded finger. The 
measuring stylus indicates variations i n adjacent pitch, the 
accuracy required of the reading head being repeatable 
readings to 0.001 mm. 



The s l i d i n g carriage of the gear testing machine provides 
the means of withdrawing the measuring head clear of the 
gear teeth so allowing indexing of the wheel, and the returning 
of the measuring head to i t s original position for the next 
measurement. Since the angular positioning of the gear wheel 
i s dependent upon the fixed datum probe and spring loaded 
finger, the wheel must be able to rotate about i t s axis 
very f r e e l y . I t i s best i f the gear being inspected i s 
mounted between centres, the centres used must be concentric 
with the gear bore ( i n which case an accurate arbor w i l l be 
required) or bearing surfaces of the gear. 

Very large gears, having many teeth, for example ships 
reduction gears are checked for pitch error by span gauging. 
But i n t h i s case because of the size and weight of the 
gears involved the measuring instrument must be taken to the 
gear cutting machine. This procedure has certain advantages, 
f i r s t l y the bobbing machine table i s useful for revolving 
the gear during the measurement and also the gear wheel i s 
in a position which makes any r e c t i f i c a t i o n , i f required, 
easy to carry out. When inspecting such gears for pitch 
error the greatest possible span i s measured and the cumulative 
pitch error b u i l t up from these spans. Individual tooth 
spans can then be measured i f required, this method reduces 
the effect of the inaccuracies i n the measurements on the 
accuracy of the cumulative pitch error curve. 

As i n the case of direct measurement of pitch error, 
automatic span gauging machines are available, so reducing 
the p o s s i b i l i t y of human reading errors ( 2 ) & ( 4 ) . 

2.4. Variations i n Tooth Thickness 
A graph showing variations i n tooth thickness can be 

obtained from the cumulative pitch error curves for the 
CfC. aucL /5 tooth flanks, the same tooth must have been used 

as datum for the two pitch error curves. The tooth thickness 
variation curve so obtained w i l l show the variation relative 
to the same datum tooth. The magnitudes of the tooth thickness 
variations are obtained f?:oms- v ^ 
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where cumulative p i t c h e r r o r 
^ and r e f e r to the r e s p e c t i v e tooth 

f l a n k s and the numbers i d e n t i f y the 
tooth niimbers. (4) 

Such a curve i s shown by F i g . 2 - 4a f o r the 
36T 7DP 20° A.O.P. gear cut with a O.O5O mm e c c e n t r i c i t y . 

One i n d i c a t i o n of the e c c e n t r i c i t y of the teeth r e l a t i v e 
to the a x i s of r o t a t i o n of the gear i s shown by the general 
s i n u s o i d a l shape of the p i t c h e r r o r curves. But i t should 
be noted that the e c c e n t r i c i t y O.Ô Q mm i s quite l a r g e . 
I n normal gear c u t t i n g p r a c t i c e the s i n u s o i d a l e f f e c t may 
not be so pronounced. 

2.5. I n v o l u t e P r o f i l e 
T h i s p a r t i c u l a r gear tooth element i s subject to a 

small manufacturing t o l e r a n c e . I t i s p o s s i b l e to modify 
a machine t o o l operating system i n order to minimise v a r i a t i o n s 
i n p i t c h e r r o r (3) and (4), but i t i s much more d i f f i c u l t 
to c o n t r o l p r o f i l e e r r o r s which are due to i n a c c u r a c i e s i n 
the c u t t i n g t o o l . 
( i ) Very small gears; 

These can be examined f o r accuracy of p r o f i l e and 
tooth p i t c h by means of an o p t i c a l p r o j e c t o r and master 
p r o f i l e . 
( i i ) Medium s i z e d gears; 

T h e o r e t i c a l l y u s i n g the pro p e r t i e s of the involute 
curve, such gears can be examined u s i n g only an accurate 
d i v i d i n g head and height, gauge. Unfortunately when the 
method i s applied i n p r a c t i c e i t may not i n d i c a t e the true 
p r o f i l e e r r o r , nor does i t give a v i s u a l record of the r e s u l t s . 

I t i s therefore more usual to use s p e c i a l purpose 
measuring equipment, the operating p r i n c i p l e of which i s 
that of a base d i s c r o l l i n g without s l i p along a s t r a i g h t 
edge. F i g . 2 - 3a. Two types of machine are a v a i l a b l e ; 
base d i s c machines and linkage machines, 
( a ) A base d i s c machine r e q u i r e s a base d i s c having a 
diameter to s u i t the p a r t i c u l a r gear to be measured, base 
d i s c diameter equals reference c i r c l e diameter of the gear 
m u l t i p l i e d by the cosine of the pressure angle. The accuracy 
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of the diameter of the d i s c and i t s c o n c e n t r i c i t y are of 
prime importance s i n c e they d i r e c t l y e f f e c t the accuracy of the 
measurements made. The layout of the machine i s such that 
the base d i s c i s mounted on a " l i v e " centre, and the gear 
being inspected i s l o c a t e d between the " l i v e " centre and 
a dead c e n t r e . The s t r a i g h t edge i s pressed up against the 
base d i s c , a power d r i v e i s provided f o r the s t r a i g h t edge 
so g i v i n g a r o t a t i o n to the base d i s c and hence the gear 
under i n s p e c t i o n . The power d r i v e i s a l s o synchronized 
with a c h a r t recorder, which d i s p l a y s d e v i a t i o n s of the 
measuring s t y l u s against an a x i s proportional to the r o t a t i o n 
of the gear. 
(b) Linkage machines, do not r e q u i r e i n d i v i d u a l base d i s c s , 
but are of a more complex design and hence more expensive. 
The machine has a master base d i s c or i n v o l u t e caja, coupled 
to a linkage system which allows the base r a d i u s of the 
generated curve to be v a r i e d to s u i t the gear under i n s p e c t i o n . 
The r e s u l t of which i s the production of the same r e l a t i v e 
movements between gear and measuring s t y l u s as f o r a base 
d i s c machine. 
Very l a r g e gears. 

Again as f o r p i t c h measurement the measuring equipment 
has to be portable and taken to the gear to be measured. 

The graph shown by P i g . 2.- 5a i s r e p r e s e n t a t i v e of the 
s t y l e i n which the r e s u l t s are presented by a base d i s c type 
i n v o l u t e t e s t i n g machine. The h o r i z o n t a l a x i s i s proportional 
to the r o t a t i o n of the gear being inspected, the v e r t i c a l 
a x i s i n d i c a t i n g the p r o f i l e e r r o r measured normal to the 
true i n v o l u t e . A s t r a i g h t l i n e "0 - 0" representing a true 
i n v o l u t e s i n c e the s t y l u s d e s c r i b e s an involute r e l a t i v e to 
the point "a" on the base c i r c l e . 

I n p r a c t i c e the two magnifications w i l l be d i f f e r e n t , 
a h o r i z o n t a l magnification up to 5 to 1, the v e r t i c a l ( e r r o r 
s c a l e ) m a gnification up to 2 000 to 1. When e r r o r s are 
r e q u i r e d from the graph at a s p e c i f i c point the d i s t a n c e s 
AB, AC. and BG given on P i g . 2 - 5a must be m u l t i p l i e d by the 
h o r i z o n t a l magnification. 
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2.6. Tooth Thickness 
The measurement of tooth thickness i s u s e f u l i n that i t 

can be c a r r i e d out on the gear wheel during the machining 
operation, thus g i v i n g the machine operator an i n d i c a t i o n 
of when the c o r r e c t s i z e has been obtained. F i g s . 2 - 6a 
and 2 » 6b show the i n v o l u t e geometry necessary to c a l c u l a t e 
the tooth t h i c k n e s s at any r a d i i of a spur gear. 
Methods of measurement of tooth.thickness; 
( i ) Constant chord method, F i g . 2 » 6c i n t h i s case the 
t h i c k n e s s dimension i s independent of the number of teeth 
i n the gear f o r p a r t i c u l a r values of arc tooth thickness 
a t reference c i r c l e and pressure angle. 
( i i ) Chordal t h i c k n e s s , corrected addendum method, F i g . 
2 - 6d, t h i s i s the more commonly used method, since the 
tooth t h i c k n e s s i s measured at the reference c i r c l e and 
w i l l not therefore be e f f e c t e d by any p r o f i l e e r r o r of 
the gear tooth. 

Both methods ( i ) and ( i i ) r e q uire that the height and 
t h i c k n e s s be measured simultaneously and.,are a l s o dependent 
on the accuracy of the blank diameter of the gear wheel. 
Correction, can be made to the height reading i f the blank 
diameter i s knowne The instruments used to c a r r y out such 
measurements a r e : 
( a ) Gear tooth v e r n i e r c a l i p e r , which i s a v e r n i e r c a l i p e r 
designed so as to make two readings at r i g h t angles. I t 
i s therefore s u b j e c t to the s e t t i n g d i f f i c u l t i e s of a v e r n i e r 
c a l i p e r and dependent i n use on the " f e e l " of the operator. 
Probable accuracy of measurement 0.03 nun under the best 
c o n d i t i o n s . 
(b) P r e c i s i o n tooth t h i c k n e s s i n d i c a t o r which i s s i m i l a r 
to the tooth c a l i p e r , but with micrometer s e t t i n g f a c i l i t i e s 
and d i a l i n d i c a t o r "read out" of tooth t h i c k n e s s . The height 
s e t t i n g can be made to 0.01 mm and the d i a l gauge graduations 
i n d i c a t e to 0.003 nmi. 
( i i i ) Base tangent method. F i g . 2 - 6c, t h i s i s p o t e n t i a l l y 
more accurate than methods ( i ) or ( i i ) s i nce only one measure­
ment i s employed, but i t w i l l be influenced by e r r o r s i n 
gear tooth p i t c h . Measuring equipment which may be used; 
( a ) V e r n i e r c a l i p e r , (b) micrometer having s p e c i a l a n v i l s 
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and ( c ) p r e c i s i o n tooth span i n d i c a t o r having d i a l gauge 
"read out." 
( i v ) Measurement over r o l l e r s i n tooth spaces. Pig. 2 - 6f, 
t h i s method r e a l l y measures v a r i a t i o n i n tooth spaces r a t h e r 
than tooth t h i c k n e s s . Por a gear having an even number of 
t e e t h the r o l l e r s are placed i n d i a m e t r i c a l l y opposite 
tooth spaces and the dimension over the r o l l e r s i s given 
by: 

M. » 2r2 + W 
I n the case of a gear wheel having an odd number of 

t e e t h the r o l l e r s are placed i n the nearest d i a m e t r i c a l l y 
opposed tooth spaces i n which case: ^ 

M.. - (2r2 cos ^ ) + W 

2.7. Tooth Depth 
T h i s dimension can be determined by making measurements 

of the outside and root diameters of the gear wheel, but 
care must be taken to ensure t h a t the c o r r e c t r e s u l t i s 
obtained. D i f f i c u l t i e s a r i s e owing to the f i l l e t r a d i u s 
i n the root of the t e e t h and f o r gears having an odd number 
of t e e t h . I n p r a c t i c e i t can be assumed that the tooth 
depth i s s a t i s f a c t o r y i f the tooth t h i c k n e s s i s c o r r e c t 
( s e c t i o n 2 - 6) and the c u t t i n g t o o l used to manufacture 
the gear had the c o r r e c t proportionse 

From an o p e r a t i o n a l point of view i t i s the length of 
a c t i v e tooth p r o f i l e which i s important and t h i s dimension can 
be checked u s i n g the i n v o l u t e p r o f i l e record ( s e c t i o n 2 - 5 ) * 

2.8. Tooth Alignment 
The accuracy of tooth alignment r e l a t i v e to the a x i s of 

the geetr i s important to ensure c o r r e c t load d i s t r i b u t i o n 
a c r o s s the face of the gear. I t may be measured on a point 
to point b a s i s u s i n g standard metrology equipment, although 
s p e c i a l purpose machines g i v i n g a charted record of the r e s u l t s 
are more u s u a l . 
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2.9. Meshing Tests 

The measurement of e r r o r s i n i n d i v i d u a l gear tooth 
elements can be a long tedious process e s p e c i a l l y i f i t 
i s r e q u ired to p r e d i c t t h e i r combined e f f e c t on the r e s u l t i n g 
performance of the gear wheel i n i t s working s i t u a t i o n . 

To help a l l e v i a t e t h i s problem two forms of composite 
t e s t i n g are used, ( i ) dual f l a n k i n g meshing t e s t and ( i i ) 
s i n g l e f l a n k meshing t e s t . (4)) (3)» (6) & (7) 
( i ) Dual f l a n k meshing t e s t 

For t h i s method the gear wheel under i n s p e c t i o n i s 
h e l d t i g h t i n mesh with a master gear thus g i v i n g contact 
on both the a<. and ^ f l a n k s of the teeth, the gears are 
then rotated and the v a r i a t i o n i n centre distance measured. 
The obvious disadvantage of t h i s system i s that such a 
meshing condition w i l l r a r e l y occur i n p r a c t i c e ^ but the 
method r e q u i r e s r e l a t i v e l y simple and inexpensive equipment. 
T h i s t e s t i s the s u b j e c t of a d e t a i l e d i n v e s t i g a t i o n i n a 
l a t e r chapter. 
( i i ) S i n g l e f l a n k meshing t e s t 

T h i s method approaches the operating conditions of a 
gear p a i r , i n that the gear being inspected and the master 
gear are run at the c o r r e c t centre d i s t a n c e , thus only one 
s e t of tooth f l a n k s w i l l be i n contact. E r r o r s i n the 
gear tooth elements produce v a r i a t i o n s i n the v e l o c i t y r a t i o 
of the gear t r a i n and i t i s these v a r i a t i o n s i n terms of 
angular displacement that are measured. The apparatus 
i s thus more complex and c o s t l y than the dual f l a n k mesh 
t e s t i n g machine. 

Theory f o r t h i s t e s t has been developed by Munro (3) (.6) 
and w i l l be b r i e f l y described as i t i s used to derive a 
theory f o r the dual f l a n k meshing t e s t i n a l a t e r chapter. 

F i g . 2 - 9a shows the p r i n c i p l e of operation of a s i n g l e 
f l a n k t e s t i n g machine ( u s i n g r a d i a l d i f f r a c t i o n g r a t i n g s ) 
o r i g i n a l l y designed at the National Engineering Laboratory 
and now a v a i l a b l e commercially. The e r r o r trace output of 
the c h a r t recorder i n d i c a t e s the e r r o r i n angular displacement 
of one gear r e l a t i v e to the other. 
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2.10. S i n g l e Flank Transmission E r r o r Theory. 
I n i t i a l l y i t w i l l be assumed that a p e r f e c t master 

gear i s used to i n s p e c t a production spur gear, i n which 
case a l l the transmission e r r o r w i l l be due to e r r o r s i n 
the production gear. For the p o s i t i o n i n d i c a t e d by F i g . 2.10a 
the combined elemental e r r o r of the gear under t e s t at the 
point of contact between the two gears (point P) w i l l determine 
the angular p o s i t i o n of the master gear. Thus as the gear 
p a i r r o t a t e the transmission e r r o r w i l l vary i n d i r e c t 
proportion to the combined elemental e r r o r v a r i a t i o n of the 
gear under i n s p e c t i o n . I t i s therefore p o s s i b l e to obtain 
a graph of t r a n s m i s s i o n e r r o r to a base of gear r o t a t i o n . 
( i ) Assuming the gear under t e s t to have no p i t c h e r r o r , 
i n which case the i n v o l u t e p r o f i l e e r r o r of the teeth w i l l 
determine the t r a n s m i s s i o n e r r o r and the graph w i l l take 
the form shown i n F i g . 2.10b. The curve R, P, T , i n d i c a t e s 
the p r o f i l e e r r o r (measured normal to the p r o f i l e ) of tooth 
1 of the gear under t e s t . Point i n d i c a t i n g the i n i t i a l 
point of contact at the root of the tooth 1 and T̂ ^ the 
f i n a l point of contact at the t i p . As the gears revolve 
each tooth of the gear under t e s t w i l l came into contact 
w ith the master gear and i n order that the r o t a t i o n s h a l l be 
continuous there must be some degree of overlap between 
s u c c e s s i v e tooth c o n t a c t s . The transmission e r r o r curve 
being b u i l t up from s u c c e s s i v e p r o f i l e e r r o r curves of the 
gear \inder i n s p e c t i o n spaced at i n t e r v a l s equal to the base 
p i t c h of the gears. F i g . 2.10b. 
( i i ) The e f f e c t of a tooth p i t c h e r r o r w i l l be to r a i s e 
or lower the p r o f i l e e r r o r curve i n the d i r e c t i o n of the 
t r a n s m i s s i o n e r r o r by an amount proportional to the p i t c h 
e r r o r . P i g . 2.10c. 

The diagrams show the transmission e r r o r f o r thec>< tooth 
f l a n k s , r e v e r s a l of the d i r e c t i o n of gear r o t a t i o n w i l l give 
an e r r o r curve f o r the /3 f l a n k s . 
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The above d e s c r i p t i o n assumed a p e r f e c t master gear. 
As t h i s i s not p o s s i b l e i n p r a c t i c e the transmission e r r o r 
a c t u a l l y i n d i c a t e d by a s i n g l e f l a n k meshing t e s t w i l l be 
t h a t due to the a l g e b r a i c sum of the e r r o r s of the master 
and t e s t gears. 
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2.11. Other Single Flank T e s t i n g Machines 

( i ) F r i c t i o n d i s c machines 

T h i s type of machine r e q u i r e s two metal d i s c s the 

diameters of which are equal to the p i t c h c i r c l e diameters 

of the two meshing gears. The d i s c having a diameter equal 

to the p i t c h c i r c l e diameter of the master gear i s f i r m l y 

f i x e d to the s h a f t c a r r y i n g the master gear. The other 

d i s c which has a diameter equal to the p i t c h c i r c l e diameter 

of the t e s t gear, i s mounted on the s h a f t supporting the t e s t 

gear but i s f r e e to r o t a t e independently of the s h a f t . 

When the two gears are i n mesh a t the c o r r e c t centre 

d i s t a n c e the two p i t c h c i r c l e d i s c s w i l l be pressed against 

each other. On r o t a t i o n of the master gear together with 

i t s d i s c , the d i s c on the t e s t gear s h a f t w i l l r o t a t e at 

the c o r r e c t speed c o n s i s t e n t with the required gear r a t i o . 

The v a r i a t i o n i n angular p o s i t i o n of the t e s t gear r e l a t i v e 

to i t s p i t c h c i r c l e d i s c i s measured and magnified, so 

i n d i c a t i n g the composite gear tooth e r r o r of the gears i n 

s i n g l e f l a n k c o n t a c t . 

The above arrangement i s s u i t a b l e f o r spur and h e l i c a l 

g e ars. Refinements i n the design u s i n g a b e l t d r i v e between 

two p u l l e y s the diameters of which are i n the same r a t i o as 

the p i t c h c i r c l e diameters enables f r i c t i o n d i s c machines 

to i n s p e c t spur, h e l i c a l , bevel and worm gears. (8) 

( i i ) Seismic or i n e r t i a machines 
« 

Single f l a n k t e s t i n g machines usi n g angular o s c i l l a t i o n 

"pick ups" have been developed i n Germany. A c c e l e r a t i o n s 
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and d e c e l e r a t i o n s of the r o t a t i n g gears under t e s t are 

detected r e l a t i v e to a s t e a d i l y r o t a t i n g mass, these f l u c ­

t u a t i o n s i n speed being due to the composite e r r o r s of 

the gears i n s i n g l e f l a n k contact. Such instruments can 

cope with a l l e r r o r frequencies provided they are above 

1 Hz, t h i s l i m i t being s e t by the n a t u r a l frequency of the 

Instrtiment. The gears being t e s t e d must therefore be 

r o t a t e d at speeds gr e a t e r than s i x t y r e v o l u t i o n s per minute, 

there i s a l s o an upper speed l i m i t of s i x hundred 

r e v o l u t i o n s per minute i n order to prevent damage to the 

instrument. (4) & (9) 

( i i i ) Temac system 

O r i g i n a l l y developed i n Czechoslovakia f o r measuring 

bobbing machine t a b l e motion e r r o r s , but now a v a i l a b l e i n 

the form of s i n g l e f l a n k gear i n s p e c t i o n machines. The 

system i n v o l v e s the measurement of phase e r r o r s between 

e l e c t r i c a l s i g n a l s obtained from r o t a r y sensors. Chart 

recordings are obtained which i n d i c a t e e r r o r s of tooth 

spacing and p r o f i l e . (4) & (9) 
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2.12. D i f f i c u l t Gears 

The development of s i n g l e f l a n k t e s t i n g machines and 

portable measuring heads based on the same operating 

p r i n c i p l e s has s i m p l i f i e d the i n s p e c t i o n of gears which 

can not be economically inspected on an elemental b a s i s , 

e.g. bevel, s p i r a l b evel, worm and wormwheel gears. 

P r e v i o u s l y these types of gears were often checked by 

simple meshing t e s t s a f t e r "blueing" one set of teeth with 

toolmakers marking blue and observing the tooth contact 

p a t t e r n . T e s t s on l a r g e turbine reduction gears are a l s o 

c a r r i e d out i n t h i s manner u s i n g s p e c i a l l y designed r i g s . 

For s p i r a l bevel and hypoid gears i n s p e c t i o n machines 

have been designed ( u s i n g v i b r a t i o n "pick ups") which r e l a t e 

gear t e s t i n g to a c t u a l v e h i c l e t e s t s . Such machines employ 

a measurement system that automatically i d e n t i f i e s gear 

s e t s as acceptable or r e j e c t on a b a s i s of running q u a l i t y . 

I n s p i t e of the advantages of s i n g l e f l a n k mesh t e s t i n g , 

measurement on an elemental b a s i s cannot be neglected altogether. 

The i n d i v i d u a l measurement of gear elements may be the only 

method of i d e n t i f y i n g a p a r t i c u l a r e r r o r and l o c a t i n g i t s 

cause. 



28. 

CHAPTER 3. 

Measurement of tooth pitch - theory 

3.1. I n practice the actual numerical value of the circuleu: 

pitch of the gear teeth at the pitch c i r c l e of the gear i s 

not determinedo The measurements taken are such that they 

give the tooth positional error r e l a t i v e to equal angular 

spacing of the gear. 

5.2, Tooth pitch and eccentricity 

The two factors cannot be separated; a gear devoid 

of any pitch error i f mounted eccentrically w i l l display 

a cumulative pitch error. 

5.3» Direct measurement of pitch error - theory 

(see also section 2.3.} 

Consider a master gear assumed to be devoid of any 

pitch error mounted with an eccentricity equal to "e" 

( i ) For the oC tooth flanks the cumulative pitch error 

w i l l be given by: 
D E = BBC l / / . Bln(9-h^). 3.3a 

^ ref. (4) 

where Q = the angle turned through from the p o s i t i o n of • 
maximTim negative e c c e n t r i c i t y , "e" when used i n equation'^ 
3.3a must be made numerically p o s i t i v e i n order to/confoxin' 
to the s i g n convention f o r cumulative p i t c h e r r o r . FigV. 
3.3a g i v e s the d e r i v a t i o n of equation 33a. F i g 2Pc 
i l l u s t r a t e s the equation g r a p h i c a l l y . T h i s equation i s 
a l s o quoted i n r e f e r e n c e ( 4 ) . 
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( i i ) For the ^ t o o t h flanks the cumulative pitch error 

w i l l be given by: 

D E - e . sec 8±n($'(//) 3.3b 

i n order to conform to the above sign convention for pitch 

error, "e" i s made numerically positive i n this case. 

Fig* 3«3b gives the derivation of equation 3•3b 

F i g . 3«3cL i l l u s t r a t e s the equation graphically. 
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3.4* Span gauging of tooth pitch error - theory 

(see also section 2.3.) 

Consider a master gear devoid of any pitch error mounted 

with an eccentricity equal to "e'*. For the case i n which 

the measuring and locating s t y l i contact only the ^3 tooth 

flanks the method of measurement employed i s as follows; 

see F i g . 3•4a. 

(1) The gear i s rotated about the centre of rotation 

'C through an angle 0 measured from the position of 

maximm negative eccentricity. This r e s u l t s in the gear 

tooth pitch point taking up the position indicated by 'E'. 

(2) Because of the position of the fixed datum stylus 

( F i g . 2.3b), an additional rotation through the angle ^ i s 

given to the gear about centre C, i . e . through the arc DE 

measured at the reference c i r c l e e The angle ^ numer-
1 

i c a l l y positive or negative r e l a t i v e to the angle Q . 

SE a absolute cumulate pitch error of the tooth 

i n contact with the datum stylus (tooth N). 

(3) The actual span measurement i s made along the line DX. 

(4) The actual reference c i r c l e of the eccentrically 

mounted gear passes through the points PG,FG being a chord 

across the true c i r c u l a r pitch of the gear. 

The adjacent pitch error 

Z^^= DX - PG 

= PG. ̂ . tan y + e.K cos 3»4a 
1 - J. t a n y 
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I t i s important to use the correct sign convention 

for ^ when calculating from equation 3 •4a* 'î he 

sign of the value of D£ w i l l give the sign of 5 • '̂'̂^ 

derivation of equation 3•4a i s given on the pages immediately 

following Fig. 3«4a. 

3.3. A cumulative pitch error curve can be obtained from the 

algebraic summation of the adjacent pitch errors. I t should 

be noted that the cumulative pitch error graph i s made up 

of a number of definite points each representing a particular 

tooth flank. These points are usually joined together by 

straight l i n e s i n order to guide the eye from one point to 

the next, see Fig. 3•6a. 

Because of the design of the single point contact span 

gauging instrument the gear must be turned over to measure 

the adjacent pitch error of the oC tooth flanks. 
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3.6» Figs. 3*6a and 3*6b show the comparison in magnitudes 

of the cumulative pitch errors for gears having 12 teeth 

and 48 teeth, the values having been calculated using 

equations 3*3^ (direct measurement theory) and 3•4a (span 

gauging theory). 

Fig. 3.6c. indicates how the ra t i o . Cumulative pitch 

error by direct measurement theory to cumulative pitch 

error by span gauging theory varies with the nvimber of 

teeth i n the gear. This variation i s probably explained 

by considering the assumptions made i n the derivation of 

equations 3.3b and 3r4a; 

( i ) the teeth are assumed to be straight sided and inclined 

at the pressure angle in the region of the reference c i r c l e , 

for t h i s reason the values of "e" used must be numerically 

small. This assumption i s applicable to both equations. 

( i i ) i n the derivation of equation 3.4a the c i r c u l a r pitch 

i s assumed to be approximately equal to the chord length 

at the reference c i r c l e . But as the difference in two 

chord lengths i s used to obtain the adjacent pitch error, 

the resulting error owing to this assumption w i l l be small 

unless the adjacent pitch error i s very large coupled with a 

small number of teeth i n the gear. 

( i i i ) r e l a t i v e to the tooth flanks the pitch error i s not 

measured i n the same direction for equations 3Ob and 3•4a. 

But as the number of teeth i n the gear increases t h i s 

difference i n direction decreases. 
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CHAPTER 4. 
Measurement of pitch - experimental 

4.1. F i t c h measurements were made on an eccentrically 

mounted master gear and the r e s u l t s compared with the 

theoretical equations given i n Chapter 3« An eccentrically 

mounted master gear was chosen rather than an eccentrically 

cut gear because i n the l a t t e r case i t would be much more 

d i f f i c u l t to i s o l a t e the pitch error due to the eccentricity 

from that due to the cutting process. 

4.2. The general procedure for the measurements made was 

as follows; 

( i ) i n i t i a l l y the gear was mounted concentrically and the 

cumulative pitch error measured. {yf), 

( i i ) using a special arbor allowing variable eccentricity 

settings to be made, the master gear was set eccentric and. 

the cumulative pitch error of each tooth obtained (y2) 

( i i i ) then the cumulative pitch error graph (y) due to the 

ec c e n t r i c i t y of the gear was determined from the relationship 

y - 72 - y i 

Note; The same datum tooth for measurements jp and was 

used and the actual measurements made at the same 

position along the tooth face width. 

( i v ) the equation of the best sine wave through the cumulative 

pitch error points was calculated using a least mean squares 

analysis (see Appendix l ) . 

From th i s equation the magnitude of the gear eccentricity 

indicated by the measured cumulative pitch error was determined. 
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This result was then compared with the actual eccentricity 

of the gear mountingo 

To determine the magnitude of the mounting eccentricity, 

the "run out" of the master gear setting ring was measured 

by a d i a l indicator at eighteen equally spaced intervals. 

The r e s u l t s plotted on a graph and the numerical value of 

the eccentricity obtained from the graph. 

4,3» Direct measurement of cumulative pitch error. 

Apparatus used; O.M.T. optical dividing head model OW 12, 

S.I.P. two dimensional measuring machine model 214B. 

The master gear supported on i t s arbor was mounted between 

the optical dividing head c o l l e t and a rear supporting 

centre, along the longitudinal axis (x axis) of the measuring 

machine. A b a l l ended measuring stylus was set v e r t i c a l l y 

above the centre of the gear at a height such that i t contacted 

the tooth flank at the reference c i r c l e of the gear. The 

position of the stylus being monitered by the y axis of the 

measuring machine. Measurements were then made in accordance 

with section 4.2. 

The optical dividing head was used for indexing the 

gear and the cumulative pitch error of each tooth was detected 

by measurements on the 'y' axis of the measuring machine. 

Before indexing the gear, the teeth were cleared from the 

measuring stylus by moving the measuring machine table, the 

gear indexed, and the table returned to i t s datum position 

i n readiness for taking the next pitch reading. The «x' 

axis measuring scale was used to ensure correct re-positioning 

of the table. 
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4.4. A typical set of resul t s for a 48T 12i)P 20° A.O.P. 

master gear are shown on Fig. 4.4a. Probable accuracy of 

these r e s u l t s : 

Indexing accuracy, the dividing head had a maximum error 

between two settings 180° apart of O.5 minutes of arc, 

the individual angular setting could be repeated to 

nomiinal i one second of arc. One second of arc represents 

a l i n e a r error of 5 x. lO"^ units at a radius of 1 unit. 

Cumulative pitch error measurements could be repeated 

to - 0.0005 mm ( i 0.00002 in) 

The probable error of an individual cumulative pitch 

error of an individual cumulative pitch error reading for the 

48T 12DP gear i s - 0.0008 mm, and for the pitch error curve 

due to the eccentricity i 0.0011 mm. ( i 0,00004 in) 

But the maximum indexing error between two angular settings 

180° apart expressed as a line a r error at the reference 

c i r c l e i s O.OO46 mm (O.00018 i n ) . 

4.5. Span gauging of tooth pitch error 

Apparatus used; 

Goulder involute testing machine, model 12, 

Pitch measuring attachment. 

The general method of approach was as detailed in 

section 4.2. But i n t h i s case the cumulative pitch error 

graph was b u i l t up from successive measurements of adjacent 

pitch errors 

The master gear supported on i t s special arbor was set 

up between the v e r t i c a l centres of the involute testing 
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machine and the pitch measuring attachment f i t t e d to the 

v e r t i c a l column of the machine's measuring s l i d e . Care 

being taken to ensure that datum and measuring s t y l i 

contacted the gear tooth flanks at the reference c i r c l e 

( i . e . positioned as shovn i n Fig. 2 . 3 h ) . When indexing 

the gear between successive adjacent pitch measurements 

i t was necessary to withdraw the measuring slide i n order to 

cle a r the s t y l i from the gear teeth. I n order to do thi s 

the measuring slide was traversed by means of i t s lead 

screw, being re-set to the measuring datum by means of a 

d i a l indicator secured to the machine bed. The adoption 

of t h i s method, rather than using the slide quick withdrawal 

mechanism ensured that a l l measurements were made at the 

same position r e l a t i v e to the centre of the gear. 

When using t h i s method of measurement the gear must be 

turned over to measure the opposite set of tooth flanks. 

4>6. The method of building up the cumulative pitch error 

curve from the span gauging measurements i s as follows: 

I f the teeth of the gear under inspection are numbered 

i n a clockwise direction then when using the span pitch 

gauging attachment the measuring s t y l i i contact the ^ f l a n k s 

of adjacent teeth as shown i n Fig. 4 . 6 a . 

The adjacent pitch error obtained w i l l be that of 

tooth 2 r e l a t i v e to tooth 1^ Ag^, 

where. 
yg = ŷ ^ •*-A2pi (y "» absolute pitch 

error) 
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The resul t s are normally set out i n tabular form, the 

data for measurements on a 10 tooth pinion i s given below 

( /d Flanks) r e f . ( 4 ) . 

Span Indicator Sum Nominal C\imulative 
reading i Z i pitch error y 

10-1 0 0 +0.6 - e . 6 

1- 2 +2 +2 +1.2 +0.8 

2 - 5 +5 +5 +1.8 +3.2 

5-4 +1 +6 +2.4 +5.6 

4 - 5 0 +6 +5.0 +5.0 

5 - 6 +1 +7 +3.6 +5.4 

6- 7 -5 +4 +4.2 - 0 . 2 

7 - 8 -1 +5 +4.8 - 1 . 8 

8 - 9 +2 +5 +5.4 - 0 . 4 

9- 10 +1 +6 +6.0 0 

I =» ^ = +0.6 this represents the nominal 

adjacent pitch of the gear. 

An individual adjacent pitch error w i l l be given by i-J 

and the cumulative pitch error of a particuleu: tooth by 

2"/ - (nominal cumulative pitch for that tooth). 

I l l u s t r a t e d graphically by Fig. 4 . 6 b . 
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.In ox del no . m e a s i i r e . ; t l i ^ d j a c | 6 h t ^ 
flAiiks ,the;;.gear. undief- i n s p e c t ion must be' turned over. 

Thus the measuring s t y l i i w i l l Contact the tooth f l a n k 
as shown by F i g . 4.6c. 
When measuring the f l a n k s although the span gauging 
instrument i s measuring tooth 1 r e l a t i v e to tooth 2 , the 
same numerical value of adjacent p i t c h w i l l be i n d i c a t e d 
no matter which tooth i s taken as the datum. 
Thus the method of determining the cumulative p i t c h 
e r r o r f o r thec>^ tooth f l a n k s w i l l be e x a c t l y the same as 
that used f o r the ^ f l a n k s . 

4 . 7 « Typical sets of resu l t s obtained using the span gauging 

technique of pitch measurement are shown by Figs. 4 . 7 a and 

4 . 7 b . Fig. 4 .7c . i l l u s t r a t e s the spread of the cumulative 

pitch error curves for five sets of measurements. Probable 

accuracy of the r e s u l t s ; because of the method used the 

accuracy of the f i n a l curve w i l l be a function of the number 

of teeth i n the gear. For the eccentrically mounted master 

gear the probable inaccuracy i n the cumulative pitch error 

w i l l be due to the accumulation of the inaccuracies of 
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adjacent pitch measurements in.one half the number of teeth 

i n the gear. 
2 T 

(Probable error in y) • ^ X(error i n adjacent g 
pitch measurement) 

d( ) . 

The repeatability of the individual span measurements 

was + 0 .0005 mm 

Thus for a 48T gear 

. y o + 0.0005 ^ 

= i 0.0025 mm ( i 0.000 1 in) 

which agrees with the spread of the results indicated by 

Fig . . 4.7c . 

Since the cumulative pitch error curve due to mounting 

the gear eccentrically i s b u i l t up from two sets of measure­

ments, the estimated inaccuracy i n the resulting maximum 

cumulative pitch w i l l be i 0.0055 "nm. 

4.8. The cumulative pitch error cui^e for a 56T 7DP 2 0 ° AOP 

gear which was deliberately cut eccentric i s shown by Fig. 4.8a 

curve ( i ) . Analysis of the curve indicated an eccentricity 

of 0 .054 nun having a maximum negative value opposite the 

flank of tooth number one. Using the special arbor 

the gear was "set up" for pitch testing i n a manner such 

: as to correct the above eccentricity. The resulting pitch 

error curve being as i l l u s t r a t e d by Fig. 4.8a curve ( i i ) . 
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Results after correction: 

A B -C. 

Adjacent pitch error 0.011 0.019 O.OI4 

Max. cumulative pitch 
error O.056 O.O46 0.058 

a l l values i n mm. 

A = Values from Fig. 4.8a curve ( i i ) 

B o Precision cut gears to BS 456: 1940, Class A 2. 

C - BS 436: Part I : I967, Grade 6. 
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CHAPTER 5. 

Dual flank meshing t e s t - theory. 

see also sections 2 . 9 ( i ) and 2 . 9 ( i i ) . 

5.1. When dual flank mesh testing using either a perfect 

master gear or rack, the r a d i a l displacement of the gear 

under inspection w i l l be determined by tooth contact at 

o< and /S tooth flanks as shown i n Fi g . 5.1a. 

Let Xoi a n d ^ be the largest values of the composite 

tooth error on the o( and flanks measured along the 

path of contact. Because the gear under inspection i s 

free, to rotate about i t s axis as i t i s displaced r a d i a l l y 

these two errors can be assumed to be symetrically disposed 

between the two flanks 

Composite tooth error - cumulative pitch error + 
tooth profile error 

effective error » X x 5,1a 
. 2 

and t h i s error produces a ra d i a l displacement of; 

= Xoi-t- X/3 5.1h 
2. s i n ^ 

5 .2 . When single flank mesh testing with only the eX flanks 

of the gear under inspection i n contact with the master 

gear. The-single flank or transmission error w i l l be 

determined by the largest value of Xo<.' of the teeth 

theoretically i n contact. 

Single flank error 

ASe^= Xot 5.2a 
cos ^ 

measured as a linear displacent at the pitch c i r c l e of the 

gear. 
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and for the / 5 flanks 

a 5 / 3 - ^ 5.2b. 
cost 

{t^+Lbii) COS ̂  = +X/i 

» 2. -fikD. s i n ^ 

- ^ ^ - ^ 4 - ^ 5.2c. 
2 tan ^ 

5.5 . I f the master gear has composite tooth errors of such 

a magnitude that they can not be neglected, [then the value X 

used i n the above equations should be the algebraic sum 

of the errors of the master gear and the gear under inspection 

at the points of tooth contact. 

5.4 . The above theory neglects the small change in pressure 

angle with the variation i n centre distance when dual flank 

mesh testing.. This variation w i l l have a negligible effect 

unless the gear under inspection has excessively thin teeth 

thus allowing a comparatively large difference between the 

nominal centre distance and the running centre distance when 

dual flank mesh testing (see appendix I I ) . 

5 .5 . Pigs. 5.5a to 5.51 show theoretical single and dual 

flank meshing test error curves for gears having various 

types of involute profile error. Fig. 5.5in i l l u s t r a t e s the 

effect on Fig. 5.51 of the introduction of a tooth pitch 

error. 
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The method of constructing the graphs i s as follows; 

i t i s assumed that the gear under inspection i s i n tight 

mesh with a perfect master rack Fig. 5 . l a . With an t i ­

clockwise rotation of the gear the tooth contact for any 

o< gear tooth flank w i l l commence at the root of the gear 

tooth and cease at the t i p , during which period the rack 

moves a distance e - g. For the /3 flanks of the gear 

teeth the i n i t i a l point of contact w i l l be at the t i p of 

the tooth and the f i n a l point of contact at the root. 

In order to orientate these two paths of tooth contact i t 

i s known that the movement of the rack between contact with 

the pitch points of t h e ^ and ^ flanks of the same tooth 

w i l l be equal to one half the rack pitcho 

I t should be noted that on the tooth profile errors ( i ) , 

i l l u s t r a t e d by F i g . 5«5a toS-Slthe position marked root 

represents the point of root tooth contact and not the 

actual root of the teeth. 

The graphs shown are based in a 20T 2DP 20° A.O.P. 

pinion (for the relevant calculations see Fig. ̂ .^n), 

^.6 . I n practice a master gear i s more conimonly used than a 

master rack, the only effect this would have on the given 

theoretical curves i s a reduction i n the length of the path 

of contact. 
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CHAPTER 6 . 

Dual f l a n k meshing t e s t - experimental. 

6 . 1 . Measurements were made to determine the cumulative 

p i t c h and tooth p r o f i l e e r r o r s of a p a i r of gears and the 

da t a so obtained used to co n s t r u c t a dual f l a n k meshing t e s t 

e r r o r curve u s i n g the theory derived i n Chapter 3* T h i s 

constructed curve was then compared with one obtained by 

d i r e c t measurement of the v a r i a t i o n i n centre distance 

when the two gears were rotated on a dual f l a n k t e s t i n g 

machine.. 

6,20 T e s t s were c a r r i e d out u s i n g three p a i r s of gears: 

( i ) master gear and a r e j e c t master gear both having 

4 8 T , 12 DP, 2 0 ° A.O.P., face width of teeth 50 mm 

( i i ) master gear and machine cut gear having 3 6 T , 7 DP 

2 0 ° A.O.F., face widths; master gear 73 nun, 

cut gear 1 2 . 7 mm 

( i i i ) master gear as i n ( i i ) and a t e s t gear having 

3 6 T , 7 DP but with a d e l i b e r a t e p r o f i l e e r r o r . 

The face width of the two 36T t e s t gears was made 

narrow i n order to minimise the e f f e c t of tooth alignment 

e r r o r s , p i t c h v a r i a t i o n and p r o f i l e v a r i a t i o n across the 

tooth f a c e . C u t t i n g was c a r r i e d , out on a rack planing 

machine with a c u t t e r having t h i n t e e t h which would normally 

be used f o r "roughing out" ground f i n i s h e d gears. The c u t t i n g 

process was c o n t r o l l e d to give standard tooth t h i c k n e s s a t 

the reference c i r c l e t h i s r e s u l t i n g i n a greater than 



75 . 

standard root c l e a r a n c e . This e x t r a clearance ensured that 

there would be no f o u l i n g between the f i l l e t r adius at the 

root of the t e s t gear and the u n r e l i e v e d t i p s of the master 

gear. 

The t e s t gear with d e l i b e r a t e l y exaggerated p r o f i l e 

e r r o r was produced on a gear grinding machine using a.formed 

g r i n d i n g wheel. On the machine used, the shape of the 

g r i n d i n g wheel p r o f i l e i s maintained by two diamond d r e s s e r s , 

one f o r each side of the wheel. The path traced out by 

the diamonds being c o n t r o l l e d from two master p r o f i l e s 

through a reducing pantograph. Two master p r o f i l e s made 

i n the form of c i r c u l a r a r c s were produced on a numerically 

c o n t r o l l e d m i l l i n g machine and these p r o f i l e s used on the 

g r i n d i n g machine i n place of the normal involute masters. 

The r a d i u s of the arc being c a l c u l a t e d so as to give excessive 

r e l i e f to the t i p s and roots of the t e s t gear, and yet keep 

the p r o f i l e e r r o r r e l a t i v e to the truB..' involute w i t h i n the 

c a p a c i t y of the p r o f i l e t e s t i n g machine. 

6 . 3 . Cumulative p i t c h e r r o r curves f o r each of the gears 

used were determined by the span gauging technique as 

de s c r i b e d i n Chapter 4 . I n the case of the 4 8 T wheels 

three s e t s of p i t c h measurements were obtained at p o s i t i o n s 

e q u a l l y spaced across the gear f a c e , the mean.value being 

used i n the subsequent c a l c u l a t i o n s . The datum f o r the 

cumulative p i t c h e r r o r s was tooth number 48 i n the case of 

the 12 DP gears and tooth 36 f o r the 7 DP gears, f o r both 

£7< a n d ^ tooth f l a n k s . 
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A Goulder 12 i n v o l u t e t e s t i n g machine f i t t e d with chart 

r e c o r d i n g f a c i l i t i e s was used to determine the tooth p r o f i l e 

e r r o r s . 

Dual f l a n k meshing t e s t e r r o r s were measured usi n g a 

Goulder R2 r o l l i n g gear t e s t i n g machine. The chaxt recorder 

f i t t e d to t h i s machine was not used as i t was found more 

convenient to obtain the dual f l a n k e r r o r curve on an 

incremental b a s i s , i n the f o l l o w i n g manner. The t e s t gear 

was mounted on the spindle of the f l o a t i n g c a r r i a g e of the 

t e s t i n g machine, the master gear being assembled on the 

f i x e d s p i n d l e . The variation., i n centre distance (dual 

f l a n k e r r o r ) was then measured every h a l f degree of arc 

r o t a t i o n of the master gear. To obtain t h i s indexing a 

p r e c i s i o n square (from a s e t of angle s l i p gauges) was 

placed on the master gear and the angle turned through 

measured usi n g an "angle-dekkor". This method was chosen 

because the length of the dual f l a n k e r r o r trace produced 

by the chart recorder f o r one r e v o l u t i o n of the gear p a i r 

was too short to enable accurate measurements to be made 

at small i n t e r v a l s of gear r o t a t i o n . 

K e s u l t s obtained f o r the three p a i r s of gears described 

i n s e c t i o n 6 .2 are shown on: 

F i g . 6.3a 4 8 T , 12 UP, gear p a i r (6 . 2(1)) 

Fig, 6.3b. 36T, 7 DP gear p a i r , t e s t gear machine 
cut (6 .2(11)) 

P i g . 6.5c 36T 7 DP gear p a i r , t e s t gear 
p r o f i l e ground (6 .2(111)) 
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6.4* Specimen set of calculations f o r gear pair 6 . 2 ( i i ) . 

Fig. 6.4a shows the tooth meshing order used during 

the dual flank testing. Two gears having the same number 

of teeth were used so that the dual flank error curve would 

repeat every revolution of the gears» 

Pig. 6.4h 

Length of r o l l when involute testing:-

For master gear 

and f o r the test gear 

xz - ( r ^ - r ^ ) ^ 

wP 

Distance from t i p to pi t c h point: 

master gear yP = wy - wP 

test gear xP » xz - zP 

For the 56T 7DP 20° A.O.P. gear pair 

base pit c h » 10.71 mm 

wy a xz => 31o57 nni. 

yP » xP = 9.04 mm = 0.844 f j , 

A t y p i c a l tooth p r o f i l e trace f o r the ^ flanks of the 

test gear i s shown by Fig. 6.4c., the magnification of the 

length of r o l l was determined by direct measurement (m = 3>69:l) 
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Thus the distance from the tooth t i p to the pitch point 
measured on the p r o f i l e trace 

XP = m. xP 
= 35»27 mm 

The equivalent length of one base pitch on the p r o f i l e 
trace a m.̂ o 

•» 39«52 mm. 

Points 0.1^0, ^^^^ "barked o f f " on the tooth p r o f i l e 
trace and the p r o f i l e error at each of these points determined 
using point F as the datum. These values were then corrected 
f o r the base pitch error of each particular tooth so giving 
the composite tooth error measured normal to the tooth flank 
at each point. This procedure was repeated f o r each tooth 
flank (c< and^) f o r both the master and test gears. 
Knowing the meshing conditions, as detailed i n Fig. 6.4a 
the master and test gear composite errors were added algebraically 
f o r each tooth contact point t h i s giving the combined composite 
tooth error, i . e . the values of Xo( (see section 3.1). 

These values being i n effect the composite tooth errors of 
the test gear r e l a t i v e to a perfect master gear. The values 
of % ( and ^ were then plotted to a base of gear rotation 
and a dual flank error curve obtained using the theory 
described i n chapter 5* 
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Test gear 
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RoLL magnification 'm ' 

iri^ 6.4c Toot^ profile trace. 
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6.5» Accuracy of measurements. 
( i ) Pitch measurement. 

The repeatability of an individual span measurement 
was - 0.0003 mm 

This giving a probable error i n the maximum cumulative 
p i t c h of: 

for 48T gear i 0.0025 mm 
for 36T gear * 0.0021 mm 

( i i ) P r o f i l e error 

Gear M £ 

48T (master gear) 2000 0.5 

48T (test gear) 1000 0.5 
36T (master gear) 1000 0.5 

36T (cut gear) 1000 0.5 
36T ( p r o f i l e ground 

gear) 200 2.0 

M " magnification of p r o f i l e error trace 
E a repeatability of p r o f i l e error trace 

( i i i ) Dual flank error 

The repeatability of the points i n the case of the 
measured dual flank error curve was "t. 0.002 mm. I n 
calculating the dual flank error from the elemental errors 
the inaccuracies i n the individual measurements build up 
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to give a probable error i n the resulting curve of - 0.007 mm. 
Apart from isolated points the agreement between the two 
curves i s better than i s indicated by the above estimates. 

In some cases due to the characteristics of the tooth 
p r o f i l e error the t i p point on the tooth p r o f i l e trace was 
by no means as pronounced as i s shown on Fig. 6o4c. A 
small error i n the estimation of the tooth t i p position 
would produce a s l i g h t out of phasing of the composite 
tooth error curve (X curve) f o r the particular tooth involved 
leading to an error i n the calculated dual flank curve (Ẑ  D ) . 
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CHAPTER 7. 

Conclusions and discussion 
T e l . Since the dual flank error curve i s dependent upon 

the errors i n tooth pitch and tooth p r o f i l e of the gears 
i n mesh, i t was necessary to investigate the accuracy of 
measurement of these two tooth elements as a preliminary 
stage to the project. 

7.2, Tooth p r o f i l e measurement 

The accuracy of the p r o f i l e measurement i s a function 
of; the alignment of the involute testing machine, the 
diameter of the base c i r c l e disc used and the repeatability 
of the trace produced by the chart recorder. The diameter 
of the base disc was controlled during the manufacturing 
process and the other two items checked before any experi­
mental results were taken. Although i t was found to be 
unnecessary i n t h i s case, i t i s possible to correct the 
results f o r small errors i n base c i r c l e disc diameter. 

7.3* Pitch measurement 
Direct experimental comparison of the two methods of 

pi t c h measurement used was not possible due to the d i f f i c u l t y 
i n s e t t i n g the same gear eccentricity i n terms of magnitude 
and phase, r e l a t i v e to the teeth, on the two measuring 
machines used. 

The results obtained from the pitch measurement of an 
eccentrically mounted master gear produced a better overall 
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degree of accuracy than i s indicated by calculation of the 

probable inaccuracy of the maximum cumulative pitch error. 

This was expected since the least mean squares analysis 

involves every point of the pitch error curve. 

As stated i n a previous chapter the accuracy of the 

d i r e c t method of measurement of cumulative pitch error i s 

d i r e c t l y proportional to the accuracy of the indexing arrange-
of 

mentf whilst i n the case^the span gauging technique the 

r e s u l t i n g accuracy i s d i r e c t l y proportional to the square 

root of the number of teeth i n the gear. I t would seem 

therefore that the direct method i s best when the nxunber of 

teeth i n the gear i s large. But i n opposition to t h i s i a 

the increasing diameter of the gear which i n turn necessitates 

very accurate di v i d i n g arrangements to minimise the effect 

of indexing errorse Equipment f o r the direct measurement 

of p i t c h error can be perhaps twenty times more expensive 

than span pitch gauging apparatus. When the gear under 

inspection by the span gauging method has a large number 

of teeth i t i s possible to prevent the uncertainty i n the 

p i t c h error increasing to excessive values by using a s l i g h t l y 

d i f f e r e n t technique from that described i n chapters ^ and 4. 

The teeth of the gear under inspection are subdivided into a 

number of spans each bOlitaining the same number of teeth} 

the number chosen being d i v i s i b l e i nto the t o t a l number of 

teethi i n the gear. As a f i r s t setting the errors i n the 

spans are determined and then at a second setting the single 

span p i t c h errors measured. These single pitch errors 

are then interpolated into the graph of span errors so 
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producing the overall pitch error of the gear. 

Pigo 7•3a i l l u s t r a t e s the probable inaccuracy i n the 

measurement of maximum cumulative pitch error by the single 

p i t c h span gauging method used i n th i s project i n r e l a t i o n 

to the allowable tolerances on pitch quoted i n various 

B r i t i s h Standard Specifications, This indicisttes that the 

method i s acceptable f o r precision cut and ground gears to 

grades G6 and A2, the inaccuracy of measurement being of 

the order of lOjS of the allowable tolerance; but not so 

satisfactory f o r the measurement of master gears. Although 

i t was found that the repeatability of measurements was 

better than l^im: when measuring the master gears, t h i s was 

most probably due to the higher quality of surface f i n i s h 

of the teeth. 

7.4, Dual flank mesh test i n g - experimental results 
(see Fig. 7«4a f o r de f i n i t i o n s of errors). 

The cumulative pitch error measurements required f o r 
the dual flank mesh testing experiments were obtained using 
the single span gauging technique, the 36T 7 I)P gears being 
too large for the capacity of the S.I.P. measuring machine. 
This particular size of gear wheel was chosen because of the 
a v a i l a b i l i t y of the master gear, and the special rack cutter 
referred to i n section 6.2. Also t h i s size of gear pair 
when i n mesh gives a workable length to the active involute 
p r o f i l e trace produced by the involute testing machine (due 
to the length of the path of tooth contact). 
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Comparison of the calculated and measured dual flank 
error curves shown i n Fig. 6.3a, 6.3b and 6.3c., indicate 
agreement well within the estimated probable inaccuracy of 
the measurements. I n each case the form or pattern of the 
curves agrees with the theory of chapter 5* 

( i ) 48T 12 DP pair, reject master test gear, dual flank 
results Fig. 6 .3a. The p r o f i l e curves of the test 
gear show excess material at the t i p s of both the 
a< and ^ tooth flanks, indicating a pressure angle 

of generation which was less than 2 0 ° . The theoretical 
curve f o r t h i s particular form of error i s i l l u s t r a t e d 
by Fig. 5 .5d . 

( i i ) 36T 7 Î P pair, rack generated test gear, dual flank 
results Fig. 6 .3c . The p r o f i l e curves of the test 
gear indicate excess material at the root of the 

flanks and t i p of the ̂  flanks, such a condition 
could occur i f the rack cutter was not set square 
to the gear blank. Fig. 5*3^ shows the theoretical 
curve f o r a similar condition. 

( i i i ) 36T 7 I>P pair, p r o f i l e ground test gear, dual flank 
results 6 .3c . In t h i s case the p r o f i l e error high 
point i s s l i g h t l y o f f set from the pitch point towards 
the tooth t i p thus the pattern i s not d i r e c t l y 
comparable with the theoretical curve Fig. 5 « 3 1 . 

The results produced give a good indication of the 
optimum possible with the present generation of geu testing 
equipment. 
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7.5o Dual flank testing - cause of errors detected 
The errors indicated by the test namely; tooth to 

tooth composite error (TTCE), run out, and t o t a l composite 
error (TCE) can be ascribed to one or more of the following; 

( i ) incorrect setting of the gear blank, 

( i i ) incorrect setting of the cutter, 
( i i i ) inaccuracies i n the cutter, 

( i v ) v a r i a t i o n of centre distance between blank and 
cutter occurring during the cutting process. 

The test w i l l not reveal the presence of periodic or 
cumulative pitch errors i n the drive mechanism of the work 
spindle of the gear cutting machine. Consider a gear 
produced on a gear shaping machine, the shaper cutter having 
the same number of teeth as the mater gear to be used f o r 
the inspection of the finished gear. Aiiy variation i n the 
vel o c i t y of the blank due to errors i n the work table drive 
w i l l not affect the depth of tooth cut by the shaper cutter, 
but the gear cut w i l l have pitch and p r o f i l e errors. On 
inspecting the finished gear on a dual flank testing machine 
no errors w i l l be indicated because the test does not record 
errors i n angular displacements of the gear. I f the same 
gear was checked on a single flank r o l l i n g gear tester the 
error would be clearly shown as th i s machine measures angular 
displacements. 
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7 o 6 o Dual flank testing - practice 
I n practice the errors i n the master gear may not 

be known, i n which case the master and test gear should 

be r o l l e d together f o r a number of revolutions and the 

average value of the errors computed. I f the master 

and test gears have the same number of teeth or the 

tooth numbers are multiples of each other the gear 

should be remated i n positions 9 0 ° apart after each 

complete revolution to obtain averaging of the master 

gear error. 
For maximum benefit from the test the length of 

the path of contact between the master gear and the 
test gear should be equal to or greater than that 
occurring between the test gear and i t s mate. This 
w i l l ensure the inspection of the less accurate root 
area of the tooth. Interference i n the root of the 
test gear tooth can occur when a master gear (which 
normally has no t i p r e l i e f ) i s meshed with a gear 
produced on a gear shaper, the master gear having 
many more teeth than the gear shaper cutter. 
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7«7» Dual flank test f o r quality control 

( i ) At the very least the test provides a check on the 
consistency of product quality, i n that i n i t i a l l y each individual 
tooth element of a production gear may be inspected and 
then a dual flank test carried out against a master gear. 
Subsequent production gears need then only to be dual flank 
tested against the same master gear and the resulting traces 
compared f o r compatibility with the trace from the i n i t i a l 
gear. 

( i i ) The theoretical traces shown i n chapter 5 and the tracea 
produced i n the experimental section would seem to indicate 
that some diagnosis of errors i s possible; certain p r o f i l e 
errors produce characteristic shapes to the TTCE undulations 

of the dual flank error graph. This may require some experience 
since the pattern w i l l tend to change i n appearance with 
d i f f e r e n t magnifications along the two axes. But a catalogue 
of t y p i c a l curves could be prepared to which an inspector could 
r e f e r . 

Not a l l gear tooth errors produce variations i n the t i g h t 
meshing centre distance when dual flank testing, see section 7.5, 
also teeth having excessive t i p r e l i e f show no variation i n 
the dual flank graph, Fig. 5*5c, due to tooth contact overlap. 
This l a t t e r error would not be shown i n a single flank meshing 
test i f the test was carried out at the standard running centre 
distance f o r the master and product gears. 
( i i i ) Simple l i m i t s may be set f o r the permitted variation of 
centre distance when dual, flank testing by considering the 
allowable variation i n backlash between master and product 
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gear i f they were meshed at the standard centre distance. 
Using involute geometry i t i s possible to calculate the tvo 
extremes of the t i g h t meshing centre distance of the product 
and master gear, due to allowable variation i n product gear 
tooth thickness to give the required backlash. This rather 
simp l i f i e d approach based on calculations involving perfect 
involutes makes no attempt to account f o r variations i n tooth 
p i t c h or p r o f i l e errors. 
( i v ) The TCE i s equal to the sum of the runout and the TTCE. 
In practice the runout i s usually approximately sinusoidal 
i n form and can be attributed to an eccentric setting error 
of the blank on the gear cutting machine or a cutting error 
which produces the same effect r e l a t i v e to the blank. I t 
i s therefore possible to calculate a value f o r t h i s eccentricity 
and hence the runout from the maximum permitted cumulative 
pit c h error. 

Maximum cumulative pitch error 

^P^m" 2.e.sec.'dff from 3«3a or 
^ 3.3b 

runout » 2,e = ̂ ^^m • ^ 
This runout due to pitch errors would be the TCE i f 

there were no additional p r o f i l e errors other than those 
caused by the eccentric setting of the blank. The p r o f i l e 
errors due to the cutt i n g process w i l l form the TTCE component 
of the dual flank error. BS 436 Fart 2 makeB the following 
recommendation i n respect of p r o f i l e errors, "In most gear 
applications positive departures from the design p r o f i l e 

should not occur outside the central t h i r d of the working 
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depth. The permissible positive departure within t h i s 

central t h i r d shall not exceed one t h i r d of the p r o f i l e 

tolerance". 

One point of tooth contact b or c of Fig.. 3* l a ynill 

always be within one quarter of a base pitch measured along 

the p r o f i l e trace of the pitch point, see Fig. 5»5b. to m. 

The TTCE can be determined by considering the involute p r o f i l e 

error within a band of width equal to one base pitch, measured 

on the p r o f i l e trace about the pitch pointo 

TTCE = r • Ai . cosec 5^ 
where Al" allowable p r o f i l e tolerance 

the J f r a c t i o n i s used as being the 

probable f r a c t i o n of the error within 

prescribed l i m i t s 

TCE = Apcm cos ̂  -j- ̂  • Ac . cosec ^ 

In order to comply with backlash requirements the TCE 

should l i e within the two extreme l i m i t s described i n 7*7(iii)« 
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NOTATIONS. 

A 0 F pressure angle 

D F diametral pitch 

T number of teeth i n gear 

T C E t o t a l composite error when dual flank testing 

T T CiE tooth to tooth composite error when dual flank 
testing 

X composite tooth error 

a tooth addendum 

d^ blank diameter, outside diameter 

reference c i r c l e diameter 

do base c i r c l e diameter 

e eccentricity 
g arc tooth thickness 

g^ arc tooth thickness at the reference c i r c l e 
mod module 
|P ci r c u l a r pitch 

^ base pitch 
r. blank radius 
0 

r ^ reference c i r c l e radius 
r^ base c i r c l e radiua 

^ y tooth flank i n d e n t i f i o a t i o n 
(jy pressure angle 

^ D variation i n centre distance when dual flank testing 
^ 6 single flank mesh testing error 

/ipg^ adjacent p i t c h error 
Apcm maximum cumulative pitch error 
J^^l involute p r o f i l e error 
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Effect of varying meshing centf^ distance 
a pair of gears on /he pressure, ai 

COS 
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Direct measurement ©/ tootli pitch error. 



span gauging of tooth j^itch error. 
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DuaL fLa^nJc m&sk testing. 
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